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Using Arabidopsis plants transformed with a redox-sensing green ﬂuorescent protein targeted to
the cytosol (c-roGFP1), we have demonstrated, in real time, measurements of reversible changes
of redox status in the cytosol of plants subjected to a gradual water-stress, followed by re-watering.
Plants sensed water stress, and changed the redox potential of their cytosol to a more oxidized value
after a gradually-imposed water stress. Small variations in the cytosol redox potential and ascorbate
(AA) values suggest that this parameter was tightly regulated. The re-watering was paralleled by a
return of water stress, redox potential and ascorbate to initial values, showing the reversibility of
water stress and its consequences.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Plants growing in the ﬁeld frequently encounter conditions of
water stress. When drought occurs, this leads to the progressive
development of a state of water stress. To cope with such stressful
conditions plants rely on a variety of mechanisms and processes, of
which one of the most important is the maintenance of redox
homeostasis [1]. For this reason the monitoring of redox status of
plants under stress has special relevance, since it can shed light
on the severity of stress and the process of recovery. Under non-
stress conditions most cellular compartments maintain a reducing
environment [2]. However, the imposition of stressful conditions,
including drought, may lead to an increase in reactive oxygen spe-
cies (ROS) production in one or more compartments of the cell [2–
12]. When this ROS production is not counterbalanced by the res-
toration of a physiologically appropriate redox status, by the pro-
duction/transport of antioxidants to the compartment where ROSchemical Societies. Published by E
ox-sensing green ﬂuorescent
Vegetal, Avda. Diagonal 546,
ri).are produced, the plants suffer from oxidative stress, which can
lead to oxidative damage [8,13,14].
Because redox changes can occur in different compartments of
the cell, knowledge of where such changes occur, and their magni-
tude, is crucial to understanding the responses of the plant to envi-
ronmental stresses [15]. The production and scavenging of ROS has
been described for the electron transport chains in the chloroplasts
and in the mitochondria, for the plasma membrane, and for the
apoplast. However, due to methodological constraints, the cyto-
solic compartment has usually been overlooked. But because the
cytosolic compartment comprises a major portion of the cell, con-
taining both the chloroplasts and mitochondria, and other endo-
membranous systems (i.e. endoplasmic reticulum and Golgi
apparatus), as well as being bounded to the plasma membrane
and apoplast, we suggest that the redox status of this compartment
should be given renewed attention. In this paper we address the
status of the cytosolic compartment in relation to the maintenance
of redox homeostasis in plants subjected to water stress. For this
effort we employ a recently developed technique for measuring re-
dox status in speciﬁc plant cell compartments, using a modiﬁed
green ﬂuorescent protein (GFP) [16].
Usually, the methodology employed to measure redox status of
either plant tissues or plant cell compartments involves destruc-
tive techniques (e.g., homogenization and ﬁxation for microscopelsevier B.V. All rights reserved.
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surement of one redox pair, which is the most general method
for measuring redox status [12], does not necessarily provide
information about the status of other redox couples [17], or of
the over-all redox status. Thus, it is desirable to use non-destruc-
tive techniques that not only allow for the determination of
over-all cellular redox status in vivo, but which also, ideally, can
be used to measure intracellular redox status within speciﬁc cellu-
lar compartments. One such approach is the use of genetically en-
coded biosensors which provide a methodology to overcome the
limitations of conventional redox measurements.
Using a molecular approach, redox-sensitive reporter GFP pro-
teins have been expressed in plants [16,18]. By targeting this
expression to speciﬁc cellular compartments it has been possible
to obtain, in real time, dynamic and reversible measurements of
the redox status speciﬁcally of the cytosol and/or the mitochondria
of Arabidopsis thaliana plants [16]. Others [18,19] have extended
this approach by targeting the redox-sensing GFP (roGFP1 and roG-
FP2) not only to the cytoplasm and mitochondria, but also to chlo-
roplasts, endoplasmic reticulum and peroxisomes in leaves of both
A. thaliana and tobacco [19]. From these efforts it has been shown
that both roGFP1 and roGFP2 are quantitative sensors of glutathi-
one redox buffer [18,19]. Different roGFPs (e.g., roGFP1, roGFP2,
roGFP3, roGFP4, roGFP1-iX) have been used as ratiometric redox
sensors in animal cells [14,20–23]. However, one of the criticisms
of the use of roGFP1 is its slow response to changes in redox poten-
tial, and its undeﬁned speciﬁcity. These concerns could be critical
for determining short-lived redox changes [24], but should not
be an issue for the estimation of progressive changes in redox sta-
tus, over extended periods (minutes to hours) of time. Recent work
has also suggested that roGFP1 is less pH sensitive than roGFP2,
leading to the view that roGFP1 is the ﬁrst choice for redox
imaging.
Except for the use of roGFP2 as a sensor/reporter in wounded
plants [18], this methodology has to date only been used in non-
stressed plants. In this paper we report the application of roGFP1
technology in the monitoring of the redox status of plants sub-
jected to water stress. A unique aspect our work is the use of roG-
FP1 to asses the redox status of the largest cellular ‘‘compartment”,
the cytosol, in drought-stressed plants.
For this effort we monitored, in real time, dynamic changes in
cytosol redox status in leaves of c-roGFP1-transformed wild-type
A. thaliana plants [16] subjected to a progressive water stress by
withholding water, followed by the re-watering of these plants.
In an attempt to mimic ‘‘ﬁeld” conditions, we designed an experi-
ment where water deﬁcit was gradually imposed during plant
growth, followed by recovery after re-watering. The time course
of leaf water relations, growth parameters, and cytosolic cell leaf
redox status (measured using c-roGFP1) were monitored. We also
speciﬁcally focused on the possible role of ascorbate (AA) in buffer-
ing redox status, since this molecule is considered a major player in
balancing, and thus a good indicator, of the antioxidant/reducing
capacity of the plant tissues [12].
Using c-roGFP1 we provide a ﬁrst-time report of the real-time
redox status of the cytosol in drought-stressed plants. We interpret
these data in terms of understanding the relationship between
cytosolic redox status and the response and recovery of plants sub-
jected to drought stress.2. Material and methods
2.1. Plant material and water stress treatment
Seeds of Arabidopsis transgenic plants expressing a redox-sens-
ing green ﬂuorescent protein [reduction-oxidation-sensitive greenﬂuorescent protein targeted to the cytosol (c-roGFP1)], were sur-
face sterilized and sown on MS agar medium under sterile condi-
tions, and then incubated 4 days at 4 C.
At the stage of four true leaves (two-week-old plantlets) the
seedlings were transplanted to a substrate mixture of peat/per-
lite/vermiculite (3:1:1; v/v/v), and returned to the growth cham-
ber. After 4 days of growth, seedlings were moved to a
greenhouse. Three days later the experiment started. Two watering
regimes were imposed for 11 days on c-roGFP1 Arabidopsis trans-
formed plants: (i) plants were watered to saturation (substrate at
ca. 90% of RWC) throughout the experiment (=well-watered
[WW] plants); and, (ii) plants from which water was withheld
(=water-stressed [WS] plants) for 11 days. On day 12 WS plants
were watered to saturation and maintained in a substrate with a
RWC of ca. 90%, identical to that of WW plants, thereby allowing
us to assess the recovery of plants after the water stress. The exper-
imental period, from germination to the end of re-watering, was 6
weeks.
2.2. Water relations, rosette biomass and growth rate measurements
Relative water content (RWC) and hydration (H) were calcu-
lated as RWC = ((FW  DW)/(TW  DW)) * 100 and H = (FW 
DW)/DW; where FW is fresh weight, DW is dry weight after drying
the sample at 60 C to a constant weight, and TW is turgid weight
after re-hydrating the samples.
Rosette growth rate was calculated from the equation obtained
after calculating the regression line that related growth increase
(y) to the progression of the experiment (x). The growth rate (a)
is the slope of the regression line following the equation y = y0 + ax.
2.3. Ratiometric measurements
For ratiometric measurements a representative leaf was col-
lected from each plant and immediately mounted dry on a micro-
scope slide, and covered with a cover glass. Measurements were
made according to Jiang et al. [16]. Brieﬂy, a Nikon Diaphot Nikon
FN600 microscope (Nikon, Melville, NY, USA) ﬁtted with Plan Fluor
10X/030 N.A. dry objectives, and a Chroma Technology Phluorin
ﬁlter set (exciters D410/30 and D470/20, dichroic mirror 500DCXR,
emitter HQ535/50) was used. Image acquisition and processing
were carried out using a Hamamatsu Orca-100 cooled CCD camera
(Hamamatsu Corp., Bridgewater, NJ, USA) and emission data (ﬂuo-
rescence) were collected over time using MetaFluor 6.1 image
analysis software (Molecular Devices Sunnyvale, CA, USA), which
controlled both ﬁlters and the data collection. Fluorescence ratios
were obtained by dividing the intensities obtained at 410 and
470 nm (i.e. 410/470). Each image was corrected for background
by subtracting the intensity of an adjacent cell-free region. The
410/470 ﬂuorescence ratios were normalized by using maximal
oxidized and reduced values obtained after adding 100 mM H2O2
or 200 mM DTT; the maximal ratio under maximally oxidized con-
ditions was set equal to 1.0 and the minimum ratio measured dur-
ing maximally reduced conditions was set equal to 0.0. These
normalized ﬂuorescence ratios were then converted to redox
potentials using the calibration curve generated by Hanson et al.
[20].
For each measurement at least three different plants were used.
From each of these plants one leaf was chosen for the redox poten-
tial measurements and the remaining leaves were used for the
water relations and growth measurements. Images of these se-
lected leaves were taken and saved within 5 min or less after
mounting on the slide, and then H2O2 and DTT were added,
sequentially to attain the normalized results. For processing the
image data, 12 areas in the leaf corresponding to cytosol were se-
lected and replayed to measure the ﬂuorescence ratio.
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Ascorbate (AA) and dehydroascorbic acid (DHA) were measured
according to Jiang et al. [25]. See Supplementary data.2.5. Plasmid design and transformaton
Design and construction of the plasmids and the transformation
procedure are as described in Jiang et al. [16]. See Supplementary
data.2.6. Titration of the c-roGFP1
In order to demonstrate the sensitivity of the c-roGFP1 to
changes in redox status, we prepared a titration curve of the effects
of increasing H2O2 concentrations on leaves of c-roGFP1-trans-
formed A. thaliana plants. The concentrations used were 0, 10, 25,
50, 100, 150 and 200 mM, and after adding the maximum concen-
tration the redox-state of the oxidized roGFP1 was reversed by
adding 400 mM DTT. Measurements were taken as described in
2.3.3. Results
3.1. Water stress inﬂuences growth
Transformed Arabidopsis control (WW) plants, whose substrate
RWC was maintained at ca. 90%, maintained their water status at
high values of ca. 93% and 9.7 g H2O DW1 of RWC an H, respec-
tively (Fig. 1), and this was reﬂected in their rosette biomass in-
crease: 7.8-fold from the beginning to the end of the experiment,
compared to the 5.5-fold increase of water-stressed (WS) plants
(Fig. 2 and Table 1). Therefore, the ﬁnal biomass of the rosettes
of WW plants was 2-fold greater compared to that of WS plants
(16.62 vs. 8.04 mg).
Six days after the beginning of withholding water, when sub-
strate RWC had decreased, a 70.1% decrease (from 83.8% to
24.5%), WS plants showed a 13.6% decrease in leaf RWC and a
26.7% decrease in H. Statistical analyses did not show signiﬁcant
differences between WS area values (Table 2) and those of WW
plants corresponding to the days 1 and 4 values (ca. 16.37). The
only signiﬁcant differences were shown between WS and WW
plants from day 6, at which time the area of WS leaves was signif-
icantly lower (a 62% decrease), compared to that of WW plants
(15.31 vs. 40.16 mm2). This degree of difference remained through
day 9 (17.01 vs. 37.43 mm2). These results show that WS plants
were sensing water stress and were responding from the day 6,
with the onset of drought. By day 11 the RWC of the substrate
had decreased to 8%, and leaf RWC and H had decreased to 69%
and 4.7 g H2O g1 DW, respectively. Leaf area had stabilized at
ca. 17 mm2 (vs. 37.4 mm2 of WW plants), and the rosette growth
rate from days 6 to 11 to 0.49 mg day1; half the value of WW
plants. At this time some of the WS plants showed symptoms of
leaf wilting. Thus, the following day (day 12) these plants were
re-watered.
Nine days after re-watering (21 days from the beginning of the
experiment), leaf RWC returned to initial WW values (98%), and
leaf H of WS plants reached the same values as that of pre-stress
(9.27 g H2O g1 DW and 9.7 g H2O g1 DW, respectively). Regard-
ing growth, the growth rate in WS plants increased 1.75-fold as
compared to that before re-watering, although during that time
the WW plants’ growth rate had increased to 3.24 mg day1,
3.76-fold higher than the growth rate in WS plants. Six days after
re-watering neither WW nor WS plants had increased their rosettebiomass in comparison to former values. However, the difference
between treatments was signiﬁcant.
3.2. Water deﬁcit as monitored by c-roGFP1 inﬂuences cytosol redox
status and is accompanied by changes in ascorbate
Immediately after mounting the excised leaf on a slide the ﬂuo-
rescence ratio was measured (Fig. 3A). This was followed by per-
fusing the leaf sequentially with 100 mM H2O2 and 200 mM DTT
in order to drive the c-roGFP1 towards the fully oxidized
(Fig. 3B) and reduced forms (Fig. 3C), respectively. This also al-
lowed us to demonstrate the reversibility of the c-roGFP1. Pseu-
do-color-coded ratio images revealed rapid responses to these
treatments. Because of the patchy conductance and aperture of
stomata, there was some heterogeneity in the extreme ratios
(Fig. 3B and C). Penetration of both H2O2 and DTT was through
the stomata. Ratiometric measurements of cytosol redox were car-
ried out in parallel in WW and WS plants.
To test the sensitivity of the c-roGFP1 reporter to redox
changes, a titration curve (Fig. 4) was generated by adding increas-
ing concentrations of H2O2 to different leaves. The curve obtained
(from ca. 330 to 280 mV) demonstrates that the c-roGFP1 ex-
pressed in the cytosol of leaf cells shows a linear response after
adding H2O2 concentrations between 5 and 25 mM (see the inset
in Fig. 4). From 25 to 50 mM H2O2 concentrations the curve started
to ﬂatten, and between 100 mM and 200 mM the changes in c-roG-
FP1 ﬂuorescence were not signiﬁcant (at ca. 280 mV). Therefore,
the fully oxidized form was attained at an H2O2 concentration of
approx. 100 mM, even though the protein was still functional after
adding up to H2O2 200 mM (judged by the fact that the fully oxi-
dized state could be reversed by adding 400 mM DTT). The results
obtained for WS plants are from the linear portion of the titration
curve (from 312 to 302 mV).
At the start of the experiment (day 0), there were no differences
between the redox potentials of WW and WS plants (ca. 312 mV
for both plants, Fig. 5). The changes in the redox potential in the
cytosol of leaf cells under water stress (WS plants) was ﬁrst ob-
served 11 days after the beginning of withholding water. By this
time WS plants had already decreased their RWCleaf and Hleaf to
69.4% and 4.7 g H2O g1 DW, respectively. While WW cytosolic re-
dox status remained constant at ca. 312 mV, WS plants leaf cyto-
sol became signiﬁcantly more oxidized (302.3 mV) than its initial
redox potential (ca. 312 mV, Fig. 5). An accompanying trend was
also observed in AA, for which WW endogenous ascorbate concen-
trations remained at ca. 2363 lmol g1 DW, whereas for WS,
endogenous ascorbate concentrations showed a 22% increase by
day 11 of the experiment. Following re-watering, on day 12, after
the 11 days of water stress, the plants continued at a less negative
redox status for one more day, even though AA concentrations had
returned to pre-stress values. With the passage of one additional
day (day 14) the redox status of re-watered plants returned to
the starting point for the experiment. Six days later the redox sta-
tus of the re-watered WS plants remained at the same values
(Fig. 5), indicating that water stress-induced oxidative stress in A.
thaliana plants is reversible. Regarding AA, at the end of the exper-
iment WS plants had decreased their endogenous concentrations
to values 2-fold lower than that of stress (1550 vs. 3345 lmol g1
DW), suggesting a process of hardening.
Values for AA and DHA were the same in both WW and WS
plants on the ﬁrst and sixth days of the experiments, but by day
11 there was ca. 3-fold greater AA content in the WS plants, with
no difference in the DHA contents, resulting in a changed AA/
DHA ratio by day 11 (Fig. 5B and C). One day after re-watering
(day 13) the AA content of WS plants had decreased sharply,
approaching that of WW plants. Re-watering resulted in little if
any change in DHA content. By day 21 (9 days after re-watering)
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Fig. 1. Water content of substrate and c-roGFP1 Arabidopsis plants. Substrate relative water content (RWCsubstrate, %). Leaf relative water content (RWCleaf, %) and leaf
hydration (Hleaf, g H2O g1 DW) of well-watered (WW) plants and water-stressed (WS) plants. Vertical dashed line indicates the re-watering of water-stressed plants. Values
followed by the same letter are not signiﬁcantly different at P < 0.05 level according to Duncan multiple range test. Data are the mean ± S.E., n = 5.
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kinetics of the change in AA content and in the AA/DHA ratio in WS
plants following re-watering is paralleled by the change in the
overall redox status, which became less oxidized. Total ascorbate
(AAt), which followed almost the same pattern as AA, was calcu-
lated in order to determine whether AA was synthesised de novo,
or whether AA content resulted from the recycling of DHA.4. Discussion
In this work we report the application of a cytoplasmically-tar-
geted redox-sensing GFP (c-roGFP1) for the assessment of redox
status in Arabidopsis plants subjected to water stress (drought),
and during subsequent recovery (re-watering). Not only is this
the ﬁrst report monitoring in real time the redox status of plants
subjected to gradually-imposed water deﬁcits, but also, this is
the ﬁrst evidence of changes in redox status following re-watering,thus showing the usefulness of the reversibility of the indicator
used. Here we have focused special attention on monitoring the re-
dox status of the cytoplasm, the largest cellular compartment.
Cellular responses to redox change are a function of the intra-
cellular sites of ROS production, and also relate to the access of
the ROS to the targets. To date most studies on the relationship be-
tween drought and oxidative stress in plants have focused on chlo-
roplasts [26], on the cell wall [11], and on peroxisomes [27]. As
well, the generation of ROS in mitochondria cannot be ignored, gi-
ven the central role of these organelles in apoptosis and senescence
processes [28]. However, in the relationship between drought and
oxidative stress there is a lack of studies considering cytoplasmic
redox status. In this compartment the antioxidants and ROS gener-
ated and sequestered from other compartments may interact, and
hence have a role in triggering acclimatory responses of plants sub-
jected to drought stress. Thus, having information about the
over-all redox changes in the cytosol is central to understanding
the (adaptive) responses of the cytosol to drought stress. To date,
Fig. 2. Growth parameters in well-watered and water-stressed c-roGFP1 Arabidopsis plants. Biomass (g DW). Well-watered (WW) plants and water-stressed plants (WS).
WW andWS plants at the beginning of the experiment (A and B). WW andWS plants at the end of water stress period (C and D). Vertical dashed line indicates the re-watering
of water-stressed plants. Values followed by the same letter are not signiﬁcantly different at P < 0.05 level according to Duncan multiple range test. Data are the mean ± S.E.,
n = 5.
Table 1
Rosette growth rate in well-watered and water-stressed c-roGFP1 Arabidopsis plants.
Rosette growth rate (mg day1). Well-watered (WW) and water-stressed (WS) plants.
Values were calculated from the equation obtained after calculating the regression
line that related growth increase (biomass, y) to the progression of the experiment
(time, x). The growth rate (a) is the slope of the regression line following the equation
y = y0 + ax. Biomass (mg), data are the means, n = 5. Time, days of drought.
0–6 days 6–11 days 11–14 days 13–21 days
WW 0.49 1.05 3.24 0
WS 0.37 0.49 0.86 0
Table 2
Leaf area variations in well-watered and water-stressed c-roGFP1 Arabidopsis plants.
Leaf area (mm2). well-watered (WW) and water-stressed (WS) plants. Values
followed by the same letter are not signiﬁcantly different at P < 0.05 level according
to Duncan multiple range test. Data are the mean ± S.E., n = 5.
1 day 4 days 6 days 9 days
WW 14.21 ± 2.15a 18.53 ± 2.99a 40.16 ± 1.83b 37.43 ± 2.53b
WS 11.35 ± 0.61a 18.14 ± 2.84a 15.31 ± 0.97a 17.01 ± 2.27a
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ments, including the cytosol, has employed chromogenic ﬂuores-
cent dyes sensitive to different ROS [25]. However, because such
dyes show an irreversible oxidation of the respective ﬂuorophores,and therefore cannot be back titrated to their original states, only
limited, very general information can be obtained on the redox sta-
tus of the cellular compartments. Thus, the application of roGFP
technology, which allows for the reversible titration of the roGFP
to its original status, provides more information in the form of
Fig. 3. Ratiometric images of c-roGFP1 in Arabidopsis leaves. Physiological redox status of WW plants (A). Maximum oxidized redox status after adding 100 mM H2O2 (B).
Reversion of the maximum oxidized redox status to maximum reduced redox status after adding 200 mM DTT (C). Color scale indicates the range of ratiometric
measurements. Maximum reduced redox status was ca. 1.00; physiological redox status was between 1.5 and 4.00, and maximum oxidized status was ca. 9.00.
894 T. Jubany-Mari et al. / FEBS Letters 584 (2010) 889–897speciﬁc comparative values for assessing the effects of drought
stress (and recovery) on subcellular redox status.
By simultaneously measuring redox status, water relations, and
plant growth, we have been able to demonstrate that there are
changes in the redox status in the cytosol of A. thaliana leaf cells
through the time course of prolonged drought stress, followed by
re-watering. By day 11 from the onset of water deﬁcit, the leaf
cytosol became more oxidized (302.3 mV), compared to its initialredox status (311.2 mV). But after re-watering WS plants, redox
status was reversed and returned to the starting point of the
experiment.
Paralleling changes in the redox status we also see reductions in
plant growth, a response which is very sensitive to water stress,
and, which, indeed, precedes changes in redox status (Fig. 2, Tables
1 and 2). Drought-induced decreases in plant growth are especially
evident in young plants with non-fully expanded leaves (as in
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crease overall plant growth reﬂects changes in the cell cycle which
is known to be sensitive both to drought and ROS. Thus, growth
parameters can be used to calibrate the sensitivity of plant re-
sponses to gradual stress, especially in the present experiment, be-
cause the plants used were not fully developed.
Fig. 2, Tables 1 and 2 show that WS plants had sensed the stress
at least 5 days before a shift occurred in the cytosolic redox poten-
tial, as was shown by the decrease of growth rate in the rosettes of
WS plants (0.49 mg day1), compared to WW plants (1.05 mg
DW1). Therefore, the increase in oxidative stress was not the ﬁrst
manifestation of water stress. Regarding the late response of the c-
roGFP1 (observed ﬁrst on day 11), compared to earlier changes in
growth in WS plants (on day 6), it could be argued that this is be-
cause the c-roGFP1 reporter is insensitive to (supposedly small)
changes in redox occurring before day 11. But we conclude that
this is unlikely. Rather, we suggest that the delayed change in re-
dox status in WS plants may reﬂect an underlying biochemistry
that buffers potentially damaging changes in redox status. The
ascorbate measurements support this possibility and demonstrate
that an important regulator of redox status is markedly altered
coincident with a change in overall redox status (Fig. 5). The titra-
tion of c-roGFP1, by artiﬁcially introducing H2O2, shows that, the c-
roGFP1 can monitor and reﬂect small changes in redox potential,
and thus is useful in monitoring progressive changes in redox sta-
tus. This was already shown by Jiang et al. in 2006, although the
concentrations they used were much lower (between 50 and
200 lM) because the root has much less buffering power than
the leaf. Therefore the concentrations of H2O2 used on the leaf were
two orders of magnitude higher than in the roots, but with a wider
range (5–100 mM). Thus we conclude that the response of c-roG-
FP1 on day 11 reﬂects a change in the WS plants’ capacity to buffer
changes in redox, and is not the result of a supposed insensitivity
of the c-roGFP1. Moreover, we suggest that the increase in AA con-
tent, coincident with the increase in redox potential (day 11)
(Fig. 5), points to an involvement of AA as a part of the cellular
mechanism by which the plant responds to severe drought-in-
duced oxidative stress, and thereby suggests a potential role ofAA in buffering oxidative stress in WS plants. Additionally, because
the imposition of the drought stress was gradual, resulting in
incrementally small, progressive changes in overall redox status,
we are thus persuaded that use of c-roGFP1 to monitor incremental
redox status changes is appropriate for this work and that it has
provided meaningful results that are strongly suggestive of an
association of changed cytoplasmic redox status and the responses
of Arabidopsis to drought stress and acclimation.
Regarding the physiological signiﬁcance of the redox shift (as
here shown using c-roGFP1), there are many reports indicating
an involvement of ROS in signalling in plant cells during both stress
and developmental response [5,8]. Furthermore, the existence of
redox-regulated transcription factors (TF), whose activation de-
pend on the redox status of the compartment where they are situ-
ated, could be decisive in redox signalling. Kim et al. [29] have
noted that the presence of cysteine residues on redox-sensitive
TFs could be part of an on/off switch for the TFs dependent on
the redox status. Here we have conﬁrmed that water stress can in-
duce changes in ROS production, and that the cytoplasmic com-
partment is buffered against changes in ROS production, but only
during the initial period of the drought. The fact, however, that
growth is affected much earlier than are the observed changes in
cytoplasmic redox status, suggests that drought initially limits
plant growth through mechanisms that do not necessarily involve
changes in cytoplasmic ROS.
The results of total AA (AAt) show that unlike in WW plants,
which maintained more or less unchanged AAt levels, that the
WS plants experienced a signiﬁcant increase in the endogenous
concentrations of AAt, which we interpret as an enhanced ability
of the WS plants to synthesise AA. Additionally, in regard to the
observation that the redox status of the cytosol recovered later
(by day 14) than did the hydrated state (by day 13), this suggests
an inability of the AA, or other antioxidants, to fully scavenge that
ROS formed at the end of the period of stress.
In summary, by using Arabidopsis plants transformed with a re-
dox-sensing/reporting GFP we provide the ﬁrst evidence linking
dynamic stress-induced changes in water status to real time mea-
surements of redox status, speciﬁcally in the cytosol. Our results
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T. Jubany-Mari et al. / FEBS Letters 584 (2010) 889–897 897show that a redox shift can result from prolonged water stress,
resulting in a more oxidized redox potential of the cytosol. As
importantly, we demonstrate that removing the stress by re-
watering is paralleled by a return of the redox potential to a more
reduced status, thus showing the reversibility of both the water
stress and the oxidized redox potential, and subsequently, the
acclimation of plants to drought stress and full recovery. We con-
clude that the parallel changes in both cytoplasmic ROS and AA
levels after drought point to an underlying mechanism for acclima-
tion to drought stress. This work re-focuses attention on the role of
the cytoplasmic compartment in this response.
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